B. STUDIES O F ARTICULATORY COORDINATION*
The g r e a t e r p a r t of this paper d e s c r i b e s a few examples of phonetic variability of phoneme production, a s well a s a simple model i n t e r m s of which this variability may be s u m m a r i z e d with a f a i r d e g r e e of economy. After this discussion the model will be briefly considered i n relation to c e r t a i n electromyographic data on speech production. 
-
The vowels a r e y # a o and u. Cy] and [#I a r e -approximatelylip rounded versions of [i] and C E 1, respectively. In a l l of the u t t e rances the medial consonant i s [ g ] .
As one looks down any column one will notice that the formant transitions contained i n the phonemically constant p a r t of the u t t e ra n c e s , that i s , the formant transitions f r o m the initial vowel into the consonant, a r e quite different when different vowels occupy the postconsonantal position. Similarly, when one s c a n s any of the rows one finds that the transitions into the final vowel v a r y a g r e a t d e a l depending on the preconsonantal vowel.
It is evident f r o m these data that the production of an intervocalic consonant i s g r e a t l y modified by the vowel context. In fact, the v a r iability of the formant transitions f r o m the initial vowel into the following consonant suggests that the s p e a k e r s t a r t s a g e s t u r e towards the final vowel while he is making the consonant gesture. It i s a s i f (1) the consonant g e s t u r e i s superimposed on a diphthong movement . It is of s o m e i n t e r e s t to a s k whether the model implied by this l a s t statement c a n i n fact account f o r the datz. In o t h e r words, is i t possible to build up the acoustic effects exemplified i n Fig. I means of invariant phoneme commands that a r e fed to s o m e s o r t of physiologically reasonable speech synthesizer i n which the acoustic variability r e s u l t s entirely f r o m t e m p o r a l overlap and mixing of output r e s p o n s e s ?
As a f i r s t s t e p towards an answer to this question i t i s convenient t o adopt a way of representing vocal t r a c t shapes numerically a s shown, f o r instance, i n Fig. I-B-2 . H e r e we c a n s e e t r a c i n g s of X -r a y pict u r e s of s o m e vowels, [u] , [i] , and [a] , and i n the upper left c o r n e r a s o r t of coordinate s y s t e m i n t e r m s of which a n a r b i t r a r y articulatory configuration c a n be measured. Leaving details aside I only want to s a y that rules c a n be defined that uniquely determine how this coordinate ( 2 ) s y s t e m should be fitted to any l a t e r a l X-ray picture of a given t a l k e r When we have the a r e a function, we c a n finally calculate the formant frequencies of the vocal t r a c t shape that we have m e a s u r e d by solving the wave equation that described the acoustic situation.
To r e t u r n to the coarticulation problem that I s t a r t e d with, i t is c l e a r now that the t a s k of generating the variable vowel-consonantvowel formant transitions f r o m invariant phoneme commands c a n be restated i n t e r m s of vocal t r a c t shapes, since the l a t t e r c a n be t r a n slated into acoustic language.
Fig. I-B-3 i l l u s t r a t e s a s c h e m e of this s o r t . The box labelled l'coarticulation model" accepts two types of inputs, namely a specification of c e r t a i n vocal t r a c t t a r g e t shapes represeriting the phonemes that a r e t o be coarticulated, and two t i m e functions, k(t) and q(t), r epresenting the t i m e c o u r s e of the consonant g e s t u r e and the vowel f r a m e i n the neighborhood of the stop consonants was analyzed i n t e r m s of the coordinate s y s t e m that was shown i n Fig. I-B-2 and the shape functions s o m e a s u r e d w e r e read into a computer. In the computer t h r e e types of calculation w e r e made. F i r s t , the consonant functions c(x) and w (x) a s well a s the vowel-target shapes w e r e estimated. Then C theoretical shape functions w e r e computed by means of the coarticulation f o r m u l a s , and finally the computed shape was compared with a m e a s u r e d
shape on the b a s i s of a mean s q u a r e deviation criterion. T h e s e o p e r ations permitted the investigator to adjust the k and q p a r a m e t e r s until the above-mentioned e r r o r m e a s u r e was minimized. Fig. I-B-4 shows the values of k, q, and the e r r o r f o r each f r a m e that was analyzed i n this way.
In all c a s e s a unique best fit was found i n t e r m s of the e r r o r c r i t e r i o n and this best fit always produced theoretical shapes that looked v e r y simi l a r to the m e a s u r e d shapes. It i s particularly interesting that when the initial and final vowels a r e different the vowel p a r a m e t e r curve is rising during the stop c l o s u r e interval.
I should like to come back now to the dynamic aspect of the coarticulation model, s e e Fig. I -B-5. It has been pointed out by s e v e r a l worke r s that the articulatory movements a r e constrained by physiological a s well a s mechanical inertia. We may t r y t o account f o r this fact by assuming that the k and q p a r a m e t e r s a r e output f r o m a simple smoothing f i l t e r with a t r a n s f e r function c h a r a c t e r i z e d by two r e a l axis poles.
We could then perhaps r e p r e s e n t the phoneme commands of an utterance a s a sequence of appropriately timed rectangular impulses. This would correspond to different speaking tempos i n r e a l s p e a k e r s .
The responses of the smoothing f i l t e r would then be a s shown i n c u r v e s a r e superimposed. W e s e e that when the interval between the two input cl-commands is long the minimum i n the k response curve has a lower value than when this interval i s short.
If we define the duration of the vowel a s the interval of t i m e during which the k-curve i s below 0.95 we may obtain the relationship between vowel duration and minimum k-value that is shown i n the right p a r t of the figure. And by c a r r y i n g out the a r e a and acoustic calculations indicated e a r l i e r we may also obtain a relationship between the k-param e t e r and the frequencies of the f i r s t t h r e e formants. This i s shown i n the left p a r t of Fig. I-B-7 . When we finally combine t h e s e pieces of information we a r r i v e at the right p a r t of this figure which described the relation between the duration of the vowel and the frequencies of the f i r s t t h r e e formants at the moment of minimum k-value.
The c i r c l e s r e p r e s e n t e m p i r i c a l data on one s p e a k e r collected by Lindblom Note that a s the vowel gets s h o r t e r , the formants move What I have b e e n saying up t o this point c a n be s u m m a r i z e d i n one statement, namely that i t is possible to devise relatively simple articula t o r y models that a r e compatible both with observed acoustic variability and with a hypothesis about invariant phoneme commands. This compatibility does not prove the t r u t h of the hypothesis, however.
T o get f u r t h e r we should probably extend o u r modelling work t o l a r g e r c o r p u s e s and to m o r e complicated c a s e s to s e e just where o u r simplifications will tend to b r e a k down. In p a r a l l e l with this work we may t r y t o get m o r e deeply into electromyographic m e a s u r e m e n t s on the p e r i p h e r d neural signals i n speech.
I should like to conclude this paper by summarizing v e r y briefly s o m e EMG r e s u l t s that s e e m to have a bearing on the problem of the m o t o r commands.
The coarticulation model s t a t e s that vowel and consonant commands may be simply added, but the E M 6 data show that when the vowel and 
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. the consonant employ antagonistic m u s c l e s , the activity i n the muscle normally r e c r u i t e d by the vowel is strongly reduced during the consonant. This indicates that phoneme commands, i f they exist, m u s t contain inhibitory components.
Secondly, the d e g r e e of activity exerted by a given muscle that i s used t o produce a c e r t a i n phoneme s e e m s to depend strongly on how f a r the s t r u c t u r e controlled by the muscle i s removed f r o m the t a r g e t position. Thus, the o r b i c u l a r i s muscles a r e much m o r e active i n a n
[ u ] a f t e r a lip s p r e a d g e s t u r e than i n an [ u ] a f t e r a lip rounded gesture,
This s e e m s to c a l l f o r a position feed-back control system.
It s e e m s to m c that o u r only chance to get anywhere with t h e s e problems i s to go ahead and make the detailed physiological m e a s u r ements that s e e m t o be n e c e s s a r y i n o r d e r t o make modelling work possible a t the neural level. In this work the phoneme command theory m a y s e r v e a s a useful guide t o d i r e c t o u r efforts i n the collection of the data. As of today, we do not s e e m to have any really c r u c i a l evidence e i t h e r f o r o r against the theory, however.
